Abstract Experimental and imaging studies in monkeys have outlined various long association fiber pathways within the fronto-temporo-parietal region. In the present study, the trajectory of the extreme capsule (EmC) fibers has been delineated in five human subjects using DT-MRI tractography. The EmC seems to be a long association fiber pathway, which courses between the inferior frontal region and the superior temporal gyrus extending into the inferior parietal lobule. Comparison of EmC fibers with the adjacent association fiber pathway, the middle longitudinal fascicle (MdLF), in the same subjects reveals that EmC is located in a medial and rostral position relative to MdLF flanking in part the medial wall of the insula. The EmC can also be differentiated from other neighboring fiber pathways such as the external capsule, uncinate fascicle, arcuate fascicle, superior longitudinal fascicles II and III, and the inferior longitudinal fascicle. Given the location of EmC within the language zone, specifically Broca's area in the frontal lobe, and Wernicke's area in the temporal lobe and inferior parietal lobule, it is suggested that the extreme capsule could have a role in language function.
Introduction
Traditionally, it has been thought that language processing is carried out by a network involving fronto-temporoparietal regions in the human cerebral cortex (Wernicke 1874; Dejerine 1901; Geschwind 1965a, b) . Specifically, Broca's area in the frontal lobe, the angular gyrus in the parietal lobe, Wernicke's area in the temporal lobe, and their interconnections by the arcuate fascicle (AF) have been considered the principal components of the network responsible for the genesis and expression of language (Wernicke 1874; Dejerine 1901; Geschwind 1965a, b) . These observations were based on clinical and pathological studies. In recent years, this notion has received further support from imaging observations derived by diffusion tensor magnetic resonance imaging (DT-MRI) (Catani et al. 2005) .
Experimental observations in macaque monkeys have shown that cortical regions equivalent to human languagerelated areas are interconnected by another stream of connections. Specifically, it has been shown that an equivalent on architectonic grounds of Broca's area in the frontal lobe is connected with the equivalent of Wernicke's area in the temporal lobe via the extreme capsule (EmC) Pandya 2006, 2007; Schmahmann and Pandya 2006) . Experimental studies have also demonstrated that the caudal inferior parietal region (angular gyrus) is connected with the equivalent on architectonic grounds of Wernicke's area in the superior temporal gyrus (STG) via a distinct association fiber pathway, the middle longitudinal fascicle (MdLF) (Seltzer and Pandya 1984; Schmahmann and Pandya 2006) . In addition, it has also been shown that the arcuate fascicle principally connects the caudodorsal part of the frontal lobe (dorsal area 8) with the temporal area caudal to the equivalent on architectonic grounds of Wernicke's area in STG. These pathways also have been delineated in the monkey using diffusion spectrum imaging (DSI) (Schmahmann et al. 2007 ).
Some of the aforementioned pathways in experimental animals have been delineated in humans using DT-MRI tractography and segmentation (Makris et al. 2005 (Makris et al. , 2008 . Thus, it has been shown that MdLF in humans interconnects the angular gyrus with the middle part of the superior temporal gyrus (Wernicke's area) (Makris et al. 2008) whereas the arcuate fascicle (AF) connects the dorsolateral prefrontal cortex (areas 6, 8 and 46) preferentially with the posteriormost part of the STG (area Tpt) (Makris et al. 2005) . Both, the experimental observations in animals and the DT-MRI findings in humans have indicated that the AF may not be the principal connection between Broca's area and Wernicke's area, as has been suggested by the classical studies. This raises the question of which specific anatomical pathways link Broca's area and Wernicke's area. As mentioned above, experimental studies in monkeys have shown that the equivalent on architectonic grounds of Broca's area and the equivalent on architectonic grounds of Wernicke's area are interconnected bidirectionally via the extreme capsule Pandya 2006, 2007) . Therefore, to resolve this issue in humans, in the present study we delineated the extreme capsule fibers in five healthy human subjects using DT-MRI tractography, to see whether EmC has a similar trajectory and connectivity as in the monkey.
The present results show clearly that the extreme capsule is a long association fiber pathway and that its fibers can be distinguished from neighboring fiber bundles, i.e., the uncinate fascicle (UF), the external capsule (EC), the MdLF, the arcuate fascicle (AF), the superior longitudinal fascicles II and III (SLF II and III) and the inferior longitudinal fascicle (ILF). Furthermore, the EmC extends between the inferior frontal gyrus (Broca's area) and the middle-posterior portion of the superior temporal gyrus (Wernicke's area).
Methods
We used magnetic resonance imaging (MRI) to trace and quantify the EmC fibers and to delineate their trajectory in five normal adult right-handed human subjects (3 males and 2 females), age range 23-24 years. We applied DT-MRI-based tractography (Mori et al. 1999) . For segmentation of subcortical structures (such as the claustrum and the putamen) and cortical parcellation, we used a T1-based morphometric technique (Filipek et al. 1994; Caviness et al. 1996) .
MRI protocol
Magnetic resonance imaging was performed using a Siemens Trio 3 T imaging system at Massachusetts General Hospital (MGH). Scans included a T1-weighted acquisition with the following parameters: TE = 3.3 ms, TR = 2,530 ms, TI = 1,100 ms, flip angle = 7 o , slice thickness = 1.33 mm, 128 contiguous sagittal slices, acquisition matrix = 256 9 256, in-plane resolution = 1 9 1 mm 2 (i.e., FOV = 256 mm 9 256 mm), two averages and pixel bandwidth = 200 Hz/pixel. A DT-MRI echo-planar based protocol was also acquired, and it included automatic magnetic field shimming and axial diffusion tensor imaging covering the entire brain (60 axial sections). We sampled the diffusion tensor, D, using a seven-shot echo-planar imaging (EPI) technique that samples the magnitude and orientation of the diffusion tensor. The following parameters were used: TR = 8.9 s, TE = 79 ms, average = 10, number of slices = 60 in the axial orientation, slice thickness = 2 mm, no slice spacing, FOV = 256 mm 9 256 mm (i.e., data matrix = 128 9 128, in-plane resolution = 2 mm 2 ), diffusion sensitivity b = 600 s/mm 2 . The total imaging time for DT-MRI was 10 min.
Tractography
Tractography allows the delineation of most parts of the trajectory of a fiber tract. Furthermore, tractography enables visualization of the relative topographic relations between fiber tracts in the cerebral cortex (Makris et al. 2005 (Makris et al. , 2008 and allows for differentiation between fiber tracts (Catani et al. 2002; Makris et al. 2005) . To generate a fiber bundle using the tractographic technique, the sampling of a ''seed'' is required (Mori et al. 1999) . Generally, this seed consists of one or more voxels.
Characterization of the seed
The seed was determined based upon a priori anatomical knowledge from the human brain (Dejerine 1895; AriensKappers et al. 1936; Crosby and Schnizlein 1982; Makris et al. 1997; Makris 1999) and from experimental animal literature (Petrides and Pandya 1988; Schmahmann and Pandya 2006; Schmahmann et al. 2007 ). This was done through the T2-EPI principal eigenvector color-coded coronal sections in the white matter in the rostrocaudal dimension by selecting and labeling voxels pertaining to the ''stem'' portion of the EmC (Makris et al. 1997) . To determine whether the selected voxels were part of the stem portion of the EmC, two criteria were used: (1) the topography of the voxels, and (2) the orientation of diffusion properties of the tissue. In the coronal plane, the stem of the EmC consisted of voxels with tensor information of anterior-posterior orientation within the white matter located between the claustrum and the insula (Fig. 1) . The characterization of the claustrum and the insula was performed as part of a comprehensive procedure of segmentation of subcortical structures (Filipek et al. 1994) and parcellation of the cortical mantle (Rademacher et al. 1992; Caviness et al. 1996) . This step added accuracy and confidence in the selection of the voxels pertaining to stems of the EmC and EC, as shown in Fig. 1 . Moreover, to make more explicit, more replicable and generally accessible, the definition of the seed point used to generate each individual EmC (in 10 hemispheres) was determined in the Talairach coordinate system (Talairach and Tournoux 1988) . This was performed for the group of brains by computing the Talairach coordinate of the center of mass for the seed in each coronal slice in which it was placed (Fig. 2) .
To confirm the results observed by this tractographic technique unequivocally, we also differentiated the EmC fibers from other neighboring fiber tracts. To this end we Fig. 1 In the left upper row, a shows a representative color-coded T2-EPI coronal section composed of the principal eigenvector maps. In the left lower row, b shows a T1-weighted section corresponding to the T2-EPI section of the upper panel. Coronal sections a and b are derived at a level indicated by the yellow vertical line in a parasagittal view of the cerebral hemisphere as shown in c (upper right). In b, the segmentation of subcortical structures and of the neocortex as a whole is shown on the left hemisphere. On the right side, the parcellation of specific cortical regions has been done, and the location of the EmC, the claustrum and the EC (external capsule) are illustrated within the rectangle b1 designated within the dotted lines. [For this, the individual brain was segmented and parcellated using the Center for Morphometric Analysis neuroanatomic framework (Filipek et al. 1994; Caviness et al. 1996) ]. In coronal section a the inset a1 has been magnified, as shown in the middle of the lower row, showing the EmC (green voxels) occupying a large portion of the space between the insula (shown in brown) and the claustrum (shown in dark blue).
In the lower left row, b shows the topography of the EmC (extreme capsule) (shown in dark green) in an area contained within the rectangle b1. This rectangular area has been further magnified as shown in the right lower corner of the figure. In the magnified view of b1, the EmC (dark green) is located within the white matter medial to the insula (INS) (shown in brown) and lateral to the claustrum (shown in dark blue). In c, the trajectory of the EmC is shown in the rostrocaudal dimension in a lateral view of the hemisphere. The colored sphere in the middle row shows the color-coding scheme adopted in the DT-MRI data analysis. Red is right-left, green is anterior-posterior and blue is superior-inferior orientations. The yellow asterisk in b indicates the claustrum. Abbreviations: BFsbcmp basal forebrain subcomponent, CGa cingulate gyrus, anterior; F1 superior frontal gyrus; F2 middle frontal gyrus; F3o inferior frontal gyrus, pars opercularis; FO frontal operculum; EC external capsule; EmC extreme capsule; INS insula; Put putamen; SC subcallosal cortex; TP temporal pole; L left; R right; A anterior; P posterior Brain Struct Funct (2009) 213:343-358 345 delineated the trajectory of the fiber tracts surrounding the EmC, namely the external capsule (EC), uncinate fascicle (UF), arcuate fascicle (AF), superior longitudinal fascicle II (SLF II), superior longitudinal fascicle III (SLF III), and the inferior longitudinal fascicle (ILF). We selected the seeds for these fiber pathways as follows. For the EC the seed was placed medial to the claustrum and lateral to the putamen (Fig. 1b, b1 ) (Makris et al. 1997; Makris 1999) , whereas the seed for the UF was placed at the fronto-temporal junction and the limen insula (Makris et al. 1997; Makris 1999) . The seeds for the AF, SLF I, II and III were placed based on Makris et al. (2005) , whereas the seed for ILF was placed within the temporal white matter core, lateral to the temporal horn of the lateral ventricle as indicated in Dejerine (1895) , (Makris et al. (1997) and Makris (1999) . The tractographic parameters used to generate these fiber bundles were FA = 0.20 and angular threshold = 25°. The capability of differentiating the EmC fibers from neighboring fiber tracts adds credence to the proposal that EmC is a distinct long cortico-cortical white matter fiber pathway running within the inferior frontal gyrus and superior temporal gyrus.
Characterization of the extreme capsule
Once the seed was selected, we carried out the tractographic delineation of this fiber bundle (Fig. 1c) . Tractographic analysis was performed using DTI Task Card software (MGH) (Makris et al. 2005) . The algorithm used by the software is a streamlined method that grows fiber tracts by following the direction of the principal eigenvector at each step starting from a seed point (Mori et al. 1999; Lori et al. 2002) . The tractographic parameters of the EmC fibers were FA = 0.20 and angular threshold = 25°. We calculated the mean and standard deviation (SD) of anisotropy as a fractional anisotropy index (FA) for the EmC Pierpaoli and Basser 1996) . We also measured the volume of the EmC by deriving the number of voxels sampled in each EmC (which is provided automatically by the DTI Task Card software) and multiplying this number by the voxel size. Furthermore, the trajectory of EmC was defined in each individual subject using DT-MRI-based tractography.
Three-dimensional reconstructions were done based on the tractographic results (Fig. 3) . Moreover, using the combination of DT-MRI tractography and cortical parcellation (Caviness et al. 1996) , the cortical connections of the EmC fibers were estimated (Fig. 4) . We also created threedimensional reconstructions of the fiber tracts surrounding the EmC, i.e., the EC, UF, AF, SLF II, SLF III, and ILF (Fig. 5) . Furthermore, we measured the seeds used to generate these fiber tracts (Table 3) . The trajectory of the EmC (extreme capsule) and the cortical regions it connects are shown on a series of illustrations of a left lateral profile (a-e) in a representative subject (1L of Fig. 3 ). EmC resulted from DT-MRI-based tractography and is shown in green projected on the background of a parasagittal T2-EPI section. The cortical ROIs were derived using cortical parcellation (Caviness et al. 1996) . The EmC appears to have a frontal, a temporal and a parietal part 
Results
We delineated the EmC by carrying out fractional anisotropy (FA) and volume measurements and tracing its trajectory in five normal adult subjects using tractography (Table 1 ; Fig. 3 ). We then mapped the seeds used to generate the EmC in the Talairach coordinate space ( Fig. 2 ; Table 2 ) and followed the tractographic renderings into the cortical origin and termination of EmC fibers using segmentation and cortical parcellation results (Fig. 4) . Finally, we differentiated the EmC from adjacent fiber tracts such as the EC, UF, AF, SLF II and SLF III, and ILF (Fig. 5 ).
Tractographic observations
We used the DT-MRI tractographic technique to outline the location and course of the EmC and to elucidate its Fig. 2 . Based on these seed points we generated the extent of the EmC in the rostrocaudal dimension in a parasagittal plane in the 10 hemispheres (right and left in five subjects) as shown in Fig. 3 in green. Except for minor variation, the basic course of the EmC in all ten hemispheres appears to be equivalent. In general, the EmC fibers seem to extend from the inferior frontal gyrus to the superior temporal gyrus and reaching to the inferior parietal lobule. In Fig. 4 , the trajectory of the EmC fibers and their connecting cortical regions are shown in a series of illustrations ( Fig. 4a-h) . The EmC appears to have three parts, namely a frontal, a temporal and a parietal part (Fig. 4a-c) . As shown in Fig. 4a , b, the rostral or frontal, part of the EmC is located within the inferior frontal gyrus [inferior frontal gyrus, pars triangularis (F3t) and frontal operculum (FO)]. In Fig. 4f , the Broca's area (i.e., F3t and FO) is highlighted to show the extension of the EmC fibers into these cortical regions. It should be pointed out that the location and definition of these cortical areas is derived by using the Center for Morphometric Analysis cortical parcellation method (Caviness et al. 1996) . In Fig. 4e , g, the relations of the EmC with the orbital frontal region are highlighted. In Fig. 4c , the temporal part of the EmC is highlighted as its fibers course 
Positive value indicates leftward asymmetry within the anterior-middle part of the STG (T1a in red). Figure 4h highlights further the relationship of EmC fibers with the T1a area of the superior temporal gyrus. Figure 4d shows the caudal, or parietal, part of the EmC within the inferior parietal lobule (angular gyrus or AG in light brown). Figure 4e shows the overall trajectory of the EmC in relationship to its connections with Broca's area (F3t and FO), Wernicke's area (T1a and middle superior temporal gyrus) and the angular gyrus. We also used tractography to differentiate the EmC from other neighboring long fiber tracts (Figs. 5, 6, 7) . For instance, the SLF II (shown in turquoise) and SLF III (shown in blue) occupy a position dorsal to the EmC (green) as shown in Fig. 5 . Likewise, EmC has also been differentiated from AF (shown in Rostrally, the MdLF fibers course within the superior temporal gyrus heading to the temporal pole as shown in a and b black), which courses in a dorsal, lateral and ventral location. Whereas SLF II and SLF III course primarily above the EmC and extend from the lateral prefrontal cortex to the parietal lobe, the fibers of the AF course from the dorsal lateral prefrontal cortex arching around the insula and reach the caudal part of the superior and middle temporal gyrus. Additionally, the EmC has been distinguished from MdLF (shown in yellow, Fig. 6 ). Although these two pathways run parallel to each other in the white matter of the superior temporal gyrus, they can be differentiated by their location and extent. Whereas the MdLF extends between the temporal pole and angular gyrus, the EmC is medially located and extends from the inferior and ventral prefrontal and superior temporal gyrus to the inferior parietal lobule. The EmC can be also differentiated from the ILF (shown in red), which courses from the temporal pole to the occipital lobe in the rostrocaudal dimension remaining ventral and lateral to the EmC and MdLF. Furthermore, as shown in Fig. 7 , the EmC can be differentiated from the UF (shown in white). The UF is located in the temporopolar area and extends to the ventral prefrontal cortex (Fig. 7a, a  0 ) . It is located in a position medial to the EmC. Finally, the EmC can been differentiated from the EC (shown in pink) as shown in Fig. 7b, b 0 .
The EC is located medial to the EmC as these two fiber tracts flank the claustrum (shown in blue and marked by an asterisk in Fig. 5 ) on its medial and lateral side, respectively, as shown in Fig. 7b , b 0 .
Quantitative analyses of the EmC
We derived measurements of the average fractional anisotropy (FA) values as well as the symmetry coefficient of FA and the volume for the EmC in five normal subjects (ten hemispheres), which are shown in detail in Table 1 for each individual subject as well as for the group. The group mean left/right value for the FA was 0.48/0.45, the total group mean value was 0.46 and the average symmetry of the FA is more leftward (7.3%). The FA measures may reflect biological properties of a fiber tract such as axonal density and orientation coherence as well as myelination (Beaulieu 2002) . Reduced FA values have been reported in studies of stroke lesions, probably denoting axonal degeneration and gliosis (Werring et al. 2000; Pierpaoli et al. 2001) , whereas increased FA values have been associated with the white matter around the stroke lesion where white matter reorganization occurs (Jiang et al. 2006; Ding et al. 2008 ). The group mean Fig. 7 Comparative topography of the trajectories of the extreme capsule (EmC) (shown in green), the external capsule (EC) (shown in pink) and the uncinate fascicle (UF) (shown in white) based on tractographic results of an exemplar EmC case (1L of Fig. 3 ) in three-dimensions. The UF remains ventral to the EmC as shown in a and a 0 . Furthermore, as shown in an inferior axial view b, the EmC courses laterally to the EC. Furthermore, whereas the EmC is located laterally to the claustrum (shown in dark blue), the EC occupies a medial position to the claustrum as shown magnified in b 0 . The claustrum was derived using the segmentation method (Filipek et al. 1994 left/right volume of the EmC was 15.93/16.27 cm 3 and the average symmetry is more rightward (4%). The seeds used to generate the EmC were on average 2.8% the size of the EmC.
Discussion
Previous experimental studies in the monkey using the Marchi method have outlined the trajectory of the extreme capsule (EmC) (Berke 1960; Krieg 1963) . According to these studies, EmC is an association fiber tract that contains fibers stemming from the frontal, insular, temporal and parietal cortices. Using anterograde isotope tracers in the macaque monkey, it has been shown that EmC is a long association fiber pathway, which courses between the middle superior temporal gyrus and the ventral prefrontal cortex including the caudal orbitofrontal cortex (Petrides and Pandya 1988; Schmahmann and Pandya 2006) . A significant portion of the EmC is located between the claustrum and the insula. Furthermore, the EmC has been delineated using diffusion imaging in a study comparing the results of isotope injections in monkeys with those of the diffusion spectrum imaging (DSI) technique (Schmahmann et al. 2007 ). Experimental studies also have shown that the EmC carries fibers connecting the middle and rostral parts of the superior temporal gyrus (areas paAlt, TAa, TS3) and the adjacent part of the cortex of the superior temporal sulcus (TPO), the medial part of the planum temporale, the rostral part of the insula, the rostral cingulate gyrus (areas 24/32), the caudal part of the ventrolateral prefrontal cortex (ventral area 9/46), the frontopolar cortex (area 10) and the caudal part of the orbitofrontal cortex and area 45 (Petrides and Pandya 1988; Schmahmann and Pandya 2006) . It seems that the major portion of EmC fibers connects the middle portion of the superior temporal region (equivalent on architectonic grounds of human Wernicke's area), with the prefrontal area 45 (equivalent on architectonic grounds of human Broca's area). Thus, the EmC may be considered an important pathway for what Mesulam (1998) has called the language communication epicenter (Mesulam 1998; Schmahmann and Pandya 2006) .
The course of the extreme capsule fibers in humans and its putative functional role remain uncertain. Dejerine (1895) reported that the extreme capsule contains association fibers as well as a set of fibers from the external capsule. According to Crosby and colleagues, the extreme capsule is a major association fascicle that ''carries many association fibers between frontal and temporal, and parietal and temporal cortices and between these areas and the insular cortex'' (Ariens- Kappers et al. 1936; Crosby and Schnizlein 1982, p. 614) .
In the present study using DT-MRI in five human brains in vivo (ten hemispheres), we have discerned the extreme capsule (EmC) as a long association fiber pathway located between the insula and the claustrum and coursing between the middle part of the superior temporal region and the inferior frontal and orbitofrontal gyri (Fig. 3) . It continues caudally toward the inferior parietal lobule flanking another fiber pathway within the white matter of the superior temporal gyrus, namely the MdLF (Makris et al. 2008) (Fig. 6) . These MdLF fibers have been shown to connect the inferior parietal lobule (BA 39) with the rostral and middle parts of the superior temporal region (Wernicke's area). Although the EmC and MdLF travel side by side within the caudal part of the superior temporal gyrus and the inferior parietal lobule white matter, these two fiber tracts are well differentiated from one another (Fig. 6) . Caudally, the fibers of EmC are located medial to the fibers of MdLF. At the level of the posterior insula, the EmC fibers flank the medial wall of the insula to enter in the frontal lobe (Fig. 6 ). In contrast, the MdLF fibers remain within the superior temporal gyrus heading to the temporal pole (Fig. 6) . We also were able to differentiate the EmC from other neighboring fiber pathways, i.e., the EC, UF, AF, SLF II, SLF III, and the ILF (Fig. 5 ). In particular, as shown in Fig. 7b and b 0 , whereas the EmC is located lateral to the claustrum, the EC occupies a position medial to the claustrum. The UF remains ventral to the EmC (Fig. 7a, a 0 ), whereas the AF, SLF II and SLF III are located in a dorsal and lateral position with respect to the EmC (Fig. 5) . The ILF is situated in a location ventral to the EmC (Fig. 5) .
It seems that the EmC is a long association fiber pathway, which carries fibers connecting the middle part of the superior temporal gyrus (Wernicke's area) with the inferior frontal region (Broca's area) and thus could be related to language processing (Schmahmann and Pandya 2006; Petrides and Pandya 2008) . This proposal seems to challenge traditional thinking about the pathways involved in language circuitry.
Rethinking of language circuitry
The arcuate fascicle was proposed by Wernicke to be the principal fiber pathway related to language function by virtue of interlinking Broca's area and Wernicke's area (Wernicke 1874). This postulate has remained the mainstay for understanding the genesis of language and for interpreting various aphasic disorders. In his classical work, Geschwind re-emphasized Wernicke's notion regarding the role of the arcuate fascicle in language function (Geschwind 1965a, b) . Geschwind also suggested the importance of the inferior parietal lobule (the angular gyrus in particular) for the elucidation of language disorders. In recent years, Catani et al. have detailed and further modified the trajectory of the fronto-parieto-temporal fiber pathway, specifically the arcuate fascicle using DT-MRI tractography (Catani et al. 2005) . These authors agree in principle with the Wernicke-Geschwind schema. Based on their observations, they subdivided the fibers of the arcuate fascicle into three main subdivisions: a long segment connecting Broca's territory in the frontal lobe with Wernicke's territory in the temporal lobe; an anterior segment linking Broca's area with the Geschwind's territory (angular gyrus) in the parietal lobe; and a posterior segment connecting the angular gyrus with Wernicke's area (see Catani et al. 2005 , Fig. 3) . In another DT-MRI study, the trajectory of the superior longitudinal fascicle-arcuate fascicle fiber system was further elaborated (Makris et al. 2005 ). According to this study, the superior longitudinal fascicle-arcuate fascicle pathway can be divided into four subcomponents. The dorsal fronto-parietal fibers are termed SLF I, the middle fronto-parietal fibers as SLF II, and the ventrorostral fibers as SLF III. A distinct frontotemporal fiber pathway was shown, which arched around the caudal portion of the insula and was termed as the arcuate fascicle (AF). By comparing these DT-MRI observations in humans with those of experimental studies in the monkey, it was suggested that the AF connects the caudal-dorsal prefrontal areas (areas 8 and 46) with the caudal part of the superior temporal gyrus (area Tpt) (Petrides and Pandya 1984; Makris et al. 2005) . Experimental observations in monkeys (Leinonen et al. 1980; Benson et al. 1981; Petrides and Pandya 1988; Rauschecker 1995; Hackett et al. 1999 Hackett et al. , 2001 Hackett 1999, 2000; Romanski et al. 1999a, b; Morosan et al. 2001; Schmahmann and Pandya 2006) , clinical observations (Clarke et al. 2002; Clarke and Thiran 2004) , and structural and functional imaging studies in humans (Martinkauppi et al. 2000; Rauschecker and Tian 2000) have suggested that whereas the caudal part of the superior temporal gyrus (area Tpt) is involved in the location of sound in space, the more rostral part of the superior temporal gyrus (areas PaAlt, TS3 and TS2) is involved in sound recognition (Schmahmann and Pandya 2006; Fullerton and Pandya 2007) . Based on these notions as well as electrophysiological studies in humans (Ojemann et al. 1989 (Ojemann et al. , 2005 , it has been thought that Wernicke's area is located principally in the mid-portion of the superior temporal gyrus (STG) in humans rather than in the caudal part of STG. Thus, whether the arcuate fascicle fibers connect Broca's area with Wernicke's area in humans remains an open question. Unlike humans, in monkeys it has been shown that these fronto-temporal connections are conveyed by the extreme capsule bidirectionally (Berke 1960; Krieg 1963; Pandya 1988, 2006) . This brings us to the question of the role of the EmC in language function. Catani et al. have suggested that connections between the angular gyrus (''Geshwind's territory'') and the superior temporal gyrus (''Wernicke's territory'') are conveyed by the posterior segment of the arcuate fascicle (Catani et al. 2005) . They related this segment of the arcuate fascicle with language function as hypothesized by Geschwind (1965a and b) . Alternatively, based on our recent observations, the angular gyrus is connected with the mid-portion of the superior temporal gyrus (Wernicke's area) independently of the arcuate fascicle by a fiber pathway termed the MdLF (Makris et al. 2008) . The MdLF is a distinct fiber bundle in humans rather than part of the SLF II-arcuate fascicle system. As mentioned above, experimental studies in monkeys have shown that the arcuate fascicle fibers connect the dorsocaudal prefrontal cortex with the caudal part of the superior temporal gyrus (area Tpt). Both of these areas have been shown to play a role in the localization of sound in space (Leinonen et al. 1980; Azuma and Suzuki 1984; Vaadia et al. 1986; Rauschecker 1995; Romanski et al. 1999b; Schmahmann and Pandya 2006) . In contrast, the inferior prefrontal cortex, including area 45 in monkeys, appears to be connected via the extreme capsule with the mid-portion of the superior temporal gyrus and the cortex of the superior temporal sulcus (equivalent on architectonic grounds of human Wernicke's area) (Petrides and Pandya 2006; Schmahmann and Pandya 2006; Schmahmann et al. 2007) . Thus, whereas the arcuate fascicle may be involved preferentially in processing the location of sound in space, the EmC and MdLF may have a significant role in language.
Since the SLF-AF fiber systems are quite distinct from EmC and MdLF both in humans and monkeys, we would like to offer an alternative hypothesis for the language structures and fiber pathways. This is based on inferences from experimental observations in non-human primates. It has been shown in the monkey that area 45 (equivalent to pars triangularis in humans) is connected with the mid-part of the superior temporal gyrus (STG) and the cortex of the superior temporal sulcus (sts) via the extreme capsule bidirectionally (Petrides and Pandya 1988 . These areas (STG and sts) are involved, respectively, in modality-specific auditory information (STG) and multimodal (sts) processing. The superior temporal gyrus and the cortex of the superior temporal sulcus, in turn, have been shown to be connected via the MdLF with parietal lobe area PG-Opt in monkeys (equivalent to angular gyrus in humans). Therefore, in the monkey a fronto-parietotemporal circuitry has been shown to be composed of three cortical centers (i.e., prefrontal area 45, mid-superior temporal region, and caudal-inferior parietal lobule), which are interconnected via two principal long association fiber pathways, i.e., the extreme capsule (fronto-temporal connection) and the MdLF (parieto-temporal connection).
Thus it seems reasonable to propose language-related links in the human brain organized as follows: caudal inferior frontal gyrus (Broca's area)\-[extreme capsule\-[STR (superior temporal region, i.e., STG and sts; Wernicke's area) and angular gyrus\-[MdLF\-[STR (superior temporal region, i.e., STG and sts; Wernicke's area). These interconnections may be involved in language expression (temporo-frontal connections or Wernicke's area-Broca's area connections via EmC) and language comprehension (temporo-parietal connections via MdLF). This proposed connectivity is supported by the observations using tractography in the present study as shown in Fig. 8a-d .
We would like to point out that the above notion is based on connectional observations in monkeys and the demonstration of EmC and MdLF in humans by DT-MRI and is, therefore, inferential and hypothetical. We realize that the present proposal regarding language circuitry should be tested further functionally and clinically to evaluate its validity. Moreover, given the functional and structural differences between monkeys and humans, there may be connectional differences as well. Thus, in humans, instead of EmC and MdLF being the principal languagerelated pathways as we are proposing herein, it may be that the arcuate fascicle is the principal connection of the language circuitry as has been accepted in traditional thinking on language organization. Another possibility could be that EmC and MdLF, as well as AF, contribute to language function.
A recent comparative study by Rilling et al. (2008) has shown that AF connects frontal cortical areas with the middle and inferior temporal gyri (i.e., areas situated to a ventral and anterior location in relation to the cortex usually considered on architectonic grounds as Wernicke's area) and they have suggested that in humans, new connections have been possibly established between these temporal regions and Broca's area, linking regions that are involved in lexical-semantic and syntactic processing. Furthermore, while the present paper was under review, two important studies have been published (Saur et al. 2008; Frey et al. 2008) . The result of the study by Saur et al. (2008) using functional MRI indicated that EmC plays a significant role in language function. The data suggest that whereas the AF and SLF II play a role in sensory-motor functions in language, the EmC is involved in higher level language comprehension. These observations support the present findings and conclusions.
Quantitative analysis
We performed measurements of biophysical parameters for fractional anisotropy (FA) and of FA symmetry for the EmC. FA ranged from 0.45 to 0.49 on the left and from 0.43 to 0.45 on the right (Table 1) . The FA values for EmC cannot be compared with other studies because these are not available in humans or in monkeys. The FA values, however, were similar to the FA reported in other studies of different fiber tracts in the normal human brain. Pierpaoli and Basser reported FA values of 0.46 in subcortical white matter . Klingberg et al. showed mean unscaled FA values in temporoparietal white matter that ranged from 0.38 to 0.59 (Klingberg et al. 2000) . In previous studies of the cingulum bundle (Makris et al. 2002) , the superior longitudinal fascicle (Makris et al. 2005) , the occipitofrontal fascicle (OFF) (Makris et al. 2007 ) and the MdLF (Makris et al. 2008) we have shown that FA values of the CB ranged from 0.45 to 0.54 (Makris et al. 2002) , the overall FA for the SLF (all four subcomponents combined) was 0.44 (Makris et al. 2005) , the FA for the OFF was 0.37 (Makris et al. 2007 ) and the FA for the MdLF was 0.34 (Makris et al. 2008 ). Thus, our results Fig. 8 A fronto-parieto-temporal circuitry composed of three cortical centers (i.e., prefrontal area 45, mid-superior temporal region, and caudal-inferior parietal lobule), which are connected as a loop via two principal long association fiber pathways, i.e., the extreme capsule (EmC) (fronto-temporal connection) and the middle longitudinal fascicle (MdLF) (parieto-temporal connection) is shown in this figure. The link provided by the EmC (shown in green) is shown in panels a, b, c and d: caudal inferior frontal gyrus (F3t/FO: Broca's area)\-[ extreme capsule\-[STR (superior temporal region, i.e., STG and sts; T1a/T1p: Wernicke's area). The EmC fibers connecting the caudal inferior frontal gyrus and the superior temporal region form a loop around the insula as shown in c and d. The medial aspect of this loop of fibers (frontal segment of EmC) flanks the medial wall of the insula from the caudal inferior frontal region to the STR (d), whereas the lateral part of the loop of EmC fibers (temporal segment of EmC) enters the superior temporal gyrus at the caudal end of the insula and courses below and laterally to the inferior circular sulcus of the insula throughout the STR (c). The EmC fibers exit the superior temporal white matter at the limen insula to connect with the caudal inferior frontal region (a, c). The link provided by the MdLF (shown in yellow) is shown in a and b: angular gyrus\-[middle longitudinal fascicle\-[STR (superior temporal region, i.e., STG and sts; T1a/ T1p: Wernicke's area). The MdLF courses from the inferior parietal lobule (AG) within the white matter of the entire superior temporal gyrus to the temporal pole (Makris et al. 2008 ) (a, b). The frontoparieto-temporal circuitry shown here may be an alternative or complimentary to the traditional Wernicke-Geschwind schema of language, in which the principal connections are provided by the arcuate fascicle (AF) (see ''Discussion'' for details). The topographic relations between the caudal inferior frontal gyrus (F3t/FO: Broca's area), STR (superior temporal region, i.e., STG and sts; T1a/T1p: Wernicke's area), the AG and the AF-SLF II and III are shown in e-h. As shown in (g), the AF fibers arch around the caudal part of the posterior end of the superior temporal gyrus and enter in the middle temporal gyrus (T2a and T2p) (f, g, h) . It has to be noted that panel g represents an oblique view, which shows in further detail the relative topography of the AF and the superior temporal gyrus (T1a/T1p). Abbreviations: AF arcuate fascicle, AG angular gyrus, AGa angular gyrus, anterior, AGp angular gyrus, posterior, F3t inferior frontal gyrus, pars triangularis, FO frontal operculum, FOC frontoorbital cortex, T1a superior temporal gyrus, anterior, T1p superior temporal gyrus, posterior, T2a middle temporal gyrus, anterior, T2p middle temporal gyrus, posterior, R right, L left of FA for the EmC appear to be in general agreement with data on other fiber pathways in the human brain. The EmC also showed 7.33% FA leftward asymmetry. The overall volume of the EmC was approximately 16 cm 3 in both sides of the cerebrum. This suggests that the EmC is a large association corticocortical fiber pathway comparable in size to the SLF II (Makris et al. 2005) . The EmC also showed 4% volumetric rightward asymmetry. Given the small number of subjects in this report, however, we are unable to further interpret these FA and volumetric observations, which should be considered preliminary.
Conclusion
In the present study we delineated the trajectory of the extreme capsule and inferred its connections using DT-MRI tractography in humans in vivo. The extreme capsule is a long association fiber pathway, which seems to extend from the inferior frontal gyrus to the superior temporal gyrus and the inferior parietal lobule. We also differentiated the extreme capsule from other neighboring fiber pathways such as the external capsule, MdLF, uncinate fascicle, arcuate fascicle, superior longitudinal fascicles II and III, and the inferior longitudinal fascicle. Its central location within the language zone, linking the inferior frontal gyrus (Broca's area), the middle part of the superior temporal gyrus (Wernicke's area) and the inferior parietal lobule (angular gyrus), suggests that the extreme capsule may have a prominent role in language function. This study demonstrates a putatively alternative pathway for language circuitry, specifically involving the extreme capsule and the MdLF.
